Human skin color diversity is considered an adaptation to environmental conditions such as UV radiation. Investigations into the genetic bases of such adaptation have identified a group of pigmentation genes contributing to skin color diversity in African and non-African populations. Here, we present a population analysis of the pigmentation gene KITLG with previously reported signal of Darwinian positive selection in both European and East Asian populations. We demonstrated that there had been recurrent selective events in the upstream and the downstream regions of KITLG in Eurasian populations. More importantly, besides the expected selection on the KITLG variants favoring light skin in coping with the weak UV radiation at high latitude, we observed a KITLG variant showing adaptation to winter temperature. In particular, compared with UV radiation, winter temperature showed a much stronger correlation with the prevalence of the presumably adaptive KITLG allele in Asian populations. This observation was further supported by the in vitro functional test at low temperature. Consequently, the pleiotropic effects of KITLG, that is, pigmentation and thermogenesis were both targeted by natural selection that acted on different KITLG sequence variants, contributing to the adaptation of Eurasians to both UV radiation and winter temperature at high latitude areas.
Introduction
Modern humans originated in Africa 200,000-300,000 years ago, and they spread to the other parts of the world <75,000 years ago (Pagani et al. 2016; Hublin et al. 2017) . During the "Out of Africa" migration, modern humans moved from a near-equator tropical environment into high-latitude subtropical and frigid regions with entirely different environmental conditions, such as reduced UV radiation and much colder weather in winter.
Skin color is thought to be one of the key human traits responding to the environmental changes Chaplin 2000, 2010) . Recent studies on diverse African populations indicated a complex architecture of skin pigmentation due to different local evolutionary pressures, with derived alleles in several genes associated with both light and dark skin (e.g., SLC24A5, MFSD12, DDB1, TMEM138, SMARCA2/VLDLR, and SNX13) (Crawford et al. 2017; Martin et al. 2017) . By contrast, Europeans and East Asians live in high-latitude environments with weak light, and selection on vitamin D synthesis, a key nutrient for bone development would favor a lighter skin in these populations (Loomis 1967) . Previous investigations into skin lightening in Eurasians have found a set of pigmentation genes showing molecular signatures of Darwinian positive selection. For example, OCA2 serves as the key gene for skin lightening in East Asians (Yuasa et al. 2007; Edwards et al. 2010; Donnelly et al. 2012; Eaton et al. 2015; Murray et al. 2015; Gittelman et al. 2016; Yang et al. 2016; Rawofi et al. 2017 ) . In Europeans, there are other responsible genes including SLC24A5, SLC45A2, KITLG, TYR, OCA2, MC1R, ASIP, and IRF4 (Graf et al. 2005; Lamason et al. 2005; Izagirre et al. 2006; McEvoy et al. 2006; Norton et al. 2006; Yuasa et al. 2006; Lao et al. 2007; Miller et al. 2007; Sabeti et al. 2007; Soejima and Koda 2007; Sulem et al. 2007; Han et al. 2008; Basu Mallick et al. 2013; Beleza, Johnson, et al. 2013) . Interestingly, most of the identified pigmentation genes responsible for skin lightening are not shared between East Asians and Europeans, suggesting convergent evolution of skin pigmentation in non-African populations (Norton et al. 2006; Edwards et al. 2010; Yang et al. 2016) .
In addition to UV radiation, temperature is also an important environmental factor that could affect human skin color. During the Korean War in 1950s, it was observed that soldiers of African-American descent were more susceptible to cold injury than those of European-American descent (Post et al. 1975 ). In addition, it was reported that melanocytes are more susceptible to cold injury than the hair follicle. Cooling or freezing the skin of black rats could kill the melanocytes, but not the hair follicles which subsequently produced hair of normal shape and texture, albeit lacking pigment (Taylor 1949; Post et al. 1975 ). This finding was further supported by another hair neogenesis study (Mikhail 1963) . Consequently, it was proposed that cold climate might be a contributing factor during the emergence of "white" skin (Post et al. 1975) . However, during the past half a century, this "cold hypothesis" has not been rigorously tested.
Recently, the pigmentation gene KITLG (also named the stem cell factor, SCF) was reported involved in mitochondrial function and energy expenditure in brown adipose tissue under cold condition (Nishio et al. 2012; Huang et al. 2014) . Overnight exposure of mice to cold temperature increases the level and ratio of soluble Kitl protein (encoded by KITLG) in brown adipose tissue and increases thermogenesis and reduces weight gain (Huang et al. 2014) . KITLG also serves as an essential factor of brown adipocytes derived from human pluripotent stem cells (Nishio et al. 2012 ). Additionally, it was shown that working in the cold can retain brown adipose tissue in "strategic" places in human adults (Huttunen et al. 1981) .
Besides playing a key role in mitochondrial function and energy expenditure, the KITLG gene has been well known as a pigmentation gene. It is associated with synthesis of skin and hair pigment, skin sensitivity to sun and freckles (Miller et al. 2007; Sulem et al. 2007; Han et al. 2008; Mengel-From et al. 2009; Guenther et al. 2014) , familial progressive hyperpigmentation and hypopigmentation (FPHH) (Wang et al. 2009; Amyere et al. 2011; Cuell et al. 2015) as well as with tumor pathogenesis and Warrdensburg Syndrome Type 2 (with pigmentary abnormalities) (Rapley et al. 2009; Zazo Seco et al. 2015) . KITLG encodes the ligand for the receptor tyrosine kinase KIT that rivet on the melanocyte. KITLG and its protein-tyrosine kinase receptor KIT are implicated in the regulation of diverse biological processes, particularly in melanogenesis, including melanoblast and melanocyte migration, proliferation and differentiation during embryogenesis, and also for maintaining postnatal cutaneous melanogenesis (Bedell et al. 1995; Grichnik et al. 1998; Wehrle-Haller 2003; Kasamatsu et al. 2008) . For example, a regulatory sequence change in KITLG contributed to natural variation in vertebrate pigmentation, and that similar mechanism underlies pigmentary change in both fish and humans (Miller et al. 2007 ). Additionally, a strong signal of positive selection on the regulatory regions surrounding the gene was also reported in Eurasians, and two variants (rs642742 and rs12821256) located 300-to 350-kb upstream of the KITLG transcription start site had a significant effect on skin color of African-Americans and hair color of Europeans (Miller et al. 2007; Williamson et al. 2007; Guenther et al. 2014) . Taken together, these data suggest that KITLG is pleiotropic and may contribute to human adaptation to both UV radiation and temperature change.
In the current study, we conducted a population analysis of KITLG, and we showed that besides UV radiation, winter temperature may have an even stronger correlation with the prevalence of the presumably adaptive allele of KITLG in Asian populations. Natural selection had acted on different KITLG sequence variants, leading to the adaptation of Eurasians to both the weak UV radiation and the cold winter temperature at high latitude areas.
Results

Detection of Positive Selection and the Molecular History of KITLG in Eurasians
We obtained the selection test results of KITLG (549 kb, including upstream and downstream of KITLG; chr12_88, 803, 352, 520, hg19 ) from the 1000 Genomes Selection Browser (http://hsb.upf.edu). The haplotype-based EHH test detects extended homozygosity surrounding the variant under positive selection, which is sensitive to relatively recent selection (<100,000 years) (Sabeti et al. 2006) . In the EHH test, we saw strong selection signals in both Europeans and East Asians, especially in the upstream region (126-to 375-kb upstream of KITLG) ( fig. 1A ), and this is in agreement with the previous observation (Miller et al. 2007 ). In the downstream region (57.5 kb downstream of KITLG), we observed a signal of selection in East Asians. In contrast, we did not observe obvious selection signal in Africans in the EHH test. The selection signals of the KITLG upstream and downstream regions in Eurasians were further confirmed by the XP-CLR test (a population-differentiation method, and Africans was used as outgroup), in which the selection on the upstream region is strong in Europeans and relatively weak in East Asians. In addition, the downstream region selection in East Asians was confirmed ( fig. 1B) To look into the molecular history of KITLG in human populations, we constructed a maximum-likelihood phylogenetic tree using the 549-kb KITLG sequence data (a total of 540 haplotypes were phased) of three world populations from the 1,000 Genomes Project, including Africans (YRI), Europeans (CEU), and East Asians (CHB). The homologous sequences of chimpanzee and archaic humans (Neanderthal and Denisovan) were used as outgroup. As shown in figure 2A , there are three major clades in the population tree. The allelic status (red for major allele and blue for minor allele) of 727 variants with minor allele frequency >0.05 is illustrated in figure 2B . As expected, Clade-1 is the basal clade and is mostly composed of Africans, and this clade displays a major-allele block in the KITLG gene region ( fig. 2B ). Clade-2 is similar with Clade-1 in view of major-allele blocks and it includes more Eurasians. Clade-3 is a Eurasian clade and a large major-allele block was observed in the KITLG upstream and downstream region, consistent with the detected strong signal of selection of this region in both Europeans and East Asians ( fig. 1 ).
The KITLG Variants under Selection Are Associated with Light Skin in Eurasians Given the strong signal of selection on KITLG in Eurasian populations ( fig. 1) , presumably, skin pigmentation is expected to be associated with the KITLG variants under selection. Indeed, a previous study observed a significant association of rs642742 (325.5 kb upstream of KITLG) with skin pigmentation in African-Americans, a population with a mixed ancestry from West Africa and Europe (Miller et al. 2007) . To further test the association, we measured skin color of 301 Han Chinese individuals, including 119 males (average age6SD: 19.05 6 0.87) and 182 females (average age6SD: 18.73 6 0.96). Both constitutive skin color from skin areas not exposed to sunlight (underarm and buttock) and facultative skin color from skin area exposed to sunlight (back of hand) were measured. We used the Haploview software (D 0 algorithm) (Barrett et al. 2005) to construct the linkage pattern of the 549-kb region in Han Chinese (CHB) from the 1000 Genomes Project (supplementary fig. S2 We adopted the additive genetic model in the association analysis. The results indicated that three of the four upstream variants (rs4073022, rs428316, and rs642742) showed significant association with skin darkness (P < 0.05, after permutation test correction) for the constitutive skin areas (underarm and buttock), but not the skin area exposed to sunlight (back of hand) (table 1). When only northern Han Chinese were included (273 individuals with 106 males and 167 females), we saw the same association pattern, ruling out the potential effect of population substructure (supplementary table S2, Supplementary Material online). The observed association of rs642742 in Han Chinese is consistent with the reported association in African-Americans (Miller et al. 2007) . As expected, the derived alleles (the major alleles) of the three upstream variants were associated with light skin in the tested Han Chinese, suggesting that natural selection favors skin lightening. However, we did not find significant association The maximum-likelihood tree was constructed using the 549-kb KITLG sequence data (540 haplotypes) of three world populations (CHB, CEU, and YRI) from the 1,000 Genomes Project. The homologous sequences of chimpanzee (circle), Neanderthal (diamond), and Denisovan (triangle) were used as outgroup; (B) The allelic status (red for major allele and blue for minor allele) of the 727 polymorphic sites (minor allele frequency >0.05) in the 549-kb KITLG region. The black arrow indicates the genomic position and transcriptional direction of the KITLG gene. Previous studies suggested that the KITLG upstream region containing the tested variants may function as enhancers (Myles et al. 2007; Guenther et al. 2014) . To test whether the three upstream variants (rs4073022, rs428316, and rs642742) can affect expression regulation of KITLG, we performed dual-luciferase reporter experiments (enhancer assays) using two different cell lines, A375 (human melanoma cells) and HEK293 cells. Since these three variants are 9.2-253 kb apart from each other, we tested them individually. Under the normal culture condition at 37 C, the major alleles (presumably the adaptive alleles) of rs428316 (T allele) and rs642742 (C allele) displayed significantly lower enhancer activities when compared with the minor alleles, and the results were consistent between the two cell lines (P < 0.05, t-test) ( fig. 3 ). This pattern would predict less KITLG production for the major allele carriers, and consequently lighter skin, which fits the prediction of direction of selection and the association data (table 1) . Surprisingly, the other variant (rs4073022) showed an opposite pattern though statistically not significant (P ¼ 0.07 for A375 cells and P ¼ 0.557 for 293 cells, t-test) ( fig. 3) . Hence, the in vitro data indicated that the KITLG upstream variants may regulate the expression of KITLG, and the adaptive alleles of rs428316 and rs642742 tend to weaken the enhancer activity and may contribute to skin lightening in Eurasians.
Both UV Radiation and Winter Temperature Serve as the Selective Forces for Skin Pigmentation
In order to find the selective forces acting on KITLG, we carried out correlation analysis between environmental factors and the KITLG variants. The environmental data (22-year UV radiation level and temperature) were collected from NASA Langley Research Center. The insolation on horizontal surface data covered 22 years (Jul 1983 -Jun 2005 , and the average annual total of UV radiation (KWh/m 2 /year) for each geographic site was calculated via the global insolation on horizontal surface (Zhu et al. 2005) , and the monthly average temperature ( C) (air temperature at 10 m) data covered 22 years (Jan 1983 -Dec 2004 was used in the correlation analysis. The average temperatures in July and January were taken as the highest and lowest temperature, respectively. The 19 Asian populations from China, Cambodia, and Thailand were included (supplementary tables S1 and S3, Supplementary Material online). We also collected environmental and allele frequency data of 14 African and European populations from the 1000 Genomes Project (supplementary table S3, Supplementary Material online). The major allele frequencies of the six variants were used in the correlation analysis. The result of rs642742 (data not shown) was the same as that of rs428316 since these two variants are in nearly complete linkage (supplementary fig. S3 , Supplementary Material online).
Firstly, we observed a clear correlation of the major allele frequencies of rs4073022 and rs428316 with latitude when all 33 world populations were included (correlation coefficient r 2 > 0.5, P < 0.0001, blue dot, F test; fig. 4A and B; supplementary table S3, Supplementary Material online). Since both UV radiation and temperature would be affected by latitude, we next performed separate correlation analyses. As predicted, C. A375 (human malignant melanoma) and HEK293 cells were used. All assays were performed in at least three replicates, and an empty vector was used as control. The P values were calculated by t-test. The presumably adaptive (major) alleles are "A" for rs4073022, "T" for rs428316, and "C" for rs642742. Yang et al. . doi:10.1093/molbev/msy136 MBE the UV intensity is negatively correlated with the major allele frequencies for all three variants (r 2 > 0.4, P < 0.0001, blue dot, F test; fig. 4E and F; supplementary table S3, Supplementary Material online). In other words, the lower the UV intensity is, the higher is the frequency of the adaptive allele that leads to lighter skin. Interestingly, the winter temperature also showed similar levels of correlation (r 2 > 0.4, P < 0.0001, blue dot, F test; fig. 4E fig. S5B, Supplementary Material online) . Similar correlation patterns were seen for the other three variants (rs6538148, rs4590952, and rs1703078) (supplementary fig. S6 and table S3, Supplementary Material online).
We also conducted a local correlation analysis using the 19 Asian populations, among which there is no correlation between UV and temperature (winter or summer) due to the relatively narrow latitude range (supplementary fig. S5C and D, Supplementary Material online). For rs428316, we saw similar levels of correlation for UV (r 2 ¼ 0.441, P ¼ 0.002, red dot) and winter temperature (r 2 ¼ 0.463, P ¼ 0.002, red dot) ( fig. 4D and F fig. 4C and E) , which strengthened the pattern observed in the 33 world populations. No correlations were detected for rs6538148 (supplementary fig. S6 , Supplementary Material online). Hence, winter temperature may act as an independent selective force, and rs4073022 is likely the target of selection by winter temperature. Of note, the mediation analysis using the 19 Asian populations was not significant (supplementary table S4, Supplementary Material online), likely due to the limited sample size.
In Vitro Functional Test at Low Temperature
To directly test if the KITLG variants would react to winter temparature, based on the published protocol, we performed dual-luciferase reporter experiments (enhancer assays) at a relatively low temperature (31 C) (Kim et al. 2003) . Again, both A375 and HEK293 cells were used. The result is shown in figure 5 . Two variants (rs428316 and rs642742) showed the same pattern as seen at 37 C. In contrast, the opposite pattern of rs4073022 seen at 37 C became consolidated at 31 C. For both cell lines, the major (derived) allele of rs4073022 had significantly increased luciferase signals (presumably stronger enhancer activities) compared with the minor (ancestral) allele ( fig. 5A and D) , suggesting that rs4073022 responds to low temperature and the presumably adaptive (major) allele produces more KITLG at low temperature. According to the previous report (Huang et al. 2014) , the upregulation of KITLG at low temperature may help promoting the production of brown fat for heat generation.
Age Estimation of Selection Onset and Haplotype Network Analysis
Given the potential functional effects of the KITLG upstream variants, we estimated the onset time of selection onset of the two upstream variants, rs428316 (in nearly complete linkage with rs642742) and rs4073022. We assumed a model of softsweep in the time inference (refer to the Materials and Methods section for details). Assuming a generation time of 29 years, the selection onset time for rs4073022 are 30,176 years ago in East Asians (95% CI: 25,865-36,211 years ago), and 58,243 years ago in Europeans (95% CI: 51,253-67,439 years ago). The inferred onset time for rs428316 are relatively younger, which are 21,320 years ago in East Asians (95% CI: 18,379-25,381 years ago) and 34,939 years ago in Europeans (95% CI: 30,678-40,574 years ago), indicating possibly independent selection acting on KITLG.
We next performed haplotype network analysis by selecting two upstream segments containing rs4073022 and rs428316, respectively (10 kb for each segment, chr12_89, 030, 872-89, 040, 872 and chr12_89, 285, 545-89, 295, 545) . The results are consistent with the hypothesis of independent selective events since the network topologies of these two segments are different though an Eurasian-enriched dominant haplotype (the signal of positive selection) can be seen in both networks (supplementary fig. S7 , Supplementary Material online). Altogether, the inferred selection onset time and the pattern of local haplotype networks suggest that there might have been recurrent selections on different sequence variants of KITLG in Eurasians during the last glacial period.
Discussion
Recent studies on African and non-African populations indicated a complex architecture of skin pigmentation due to different local evolutionary pressures (Crawford et al. 2017; Martin et al. 2017 ). In the current study, we present genetic evidence of Darwinian positive selection in both Europeans and East Asians in the upstream region of KITLG. The selection on KITLG in Eurasians likely occurred after the "Out of Africa" migration. Given the estimated selection ages (30-58 ka for rs4073022 and 21-35 ka for rs428316) and the shared high-frequency adaptive alleles of KITLG between Europeans and East Asians, KITLG might represent the earliest episode of Darwinian positive selection on pigmentation genes in non-African populations, contrasting the much younger selective events of the other pigmentation genes, for example, OCA2, 12-18 ka in East Asians, SLC45A2, 11-19 ka and SLC24A5, 22-28 ka in Europeans (Basu Mallick et al. 2013; Beleza, Santos, et al. 2013; Yang et al. 2016) . Consequently, besides the well-known relatively recent and probably independent selections on different pigmentation genes in Europeans and East Asians, the data of KITLG suggests an old selection during the early period when modern humans started to spread to high latitude regions.
Notably, the observed selection on the two upstream variants (rs4073022 and rs428316) seems to represent independent events in view of time and phenotypic outcomes. These two variants are 253 kb apart in the upstream of KITLG, and they are not in linkage disequilibrium (D 0 ¼0.4; supplementary fig. S2A, Supplementary Material online) . The selection on rs4073022 occurred earlier according to the estimated onset time of 30-58 ka, and the mainly selected phenotype is likely body heat generation in order to cope with winter temperature, supported by the much higher correlation coefficient of winter temperature compared with UV radiation and the in vitro enhancer activity test at low temperature in cultured cells. The selection on rs428316 was a later event (21-35 ka) and the selected phenotype was skin color when populations were facing high latitude environments with relatively less UV Yang et al. . doi:10.1093/molbev/msy136 MBE radiation necessary for vitamin D synthesis. It should be noted that given the difficulty of obtaining the paleoclimatology data of the sample locations, we used contemporary climate data (22 years) in the correlation analysis which may not accurately reflect the environmental conditions during the relevant selective events. On the other hand, since population expansion of Han Chinese was a recent event (<5 ka) (Wen et al. 2004) , the observed strong correlation in Asian populations (12 of the 19 samples are Han ancestry) implies that the latitude-dependent selection on the KITLG variants might have lasted till recent time in eastern Asia. This speculation is reflected by the still unfixed adaptive alleles (mostly 0.70-0.85) in Han Chinese populations. By contrast, in Europeans, two of the adaptive alleles (rs1703078 and rs4073022) are nearly fixed (0.93-0.95) (supplementary table S3, Supplementary Material online). Alternatively, we cannot rule out the possibility that there was only one selective event for the upstream KITLG variants in the ancestral Eurasian population because reduced UV radiation and colder weather are generally correlated with each other when people moved to high latitude areas. In addition, the estimated time intervals of the two variants are slightly overlapped (30-58 ka vs.
21-35 ka).
Previous study showed that the KITLG gene contributed to pigmentary change in fish and humans. KITLG is a secreted signal that has a cell nonautonomous effect on melanocyte development (Wehrle-Haller 2003; Miller et al. 2007 ). Many KITLG variants were shown to be associated with pigmentation changes in Europeans, including skin color, hair color as well as skin sensitivity to sun exposure and skin freckles (Miller et al. 2007; Sulem et al. 2007; Han et al. 2008; Mengel-From et al. 2009; Guenther et al. 2014) . Our genetic association analysis in Han Chinese suggests that the selected adaptive alleles cause skin lightening in East Asians. There are underselection variants located in the upstream of KITLG, a region containing enhancer elements that were proven to regulate the expression of KITLG and change the pigmentation of gill and ventrums of sticklebacks and human skin pigmentation (Miller et al. 2007 ). Our in vitro functional tests revealed that the adaptive KITLG alleles caused a reduced enhancer activity and presumably reduced expression of KITLG that would influence the melanocyte development and eventually skin lightening. We also detected a signal of selection in the downstream region of KITLG in East Asians ( fig. 1 ) though we did not observe an association of the downstream variant (rs6538148) with skin pigmentation. It was reported that rs6538148 was associated with mean corpuscular hemoglobin concentration and red blood cell distribution in Europeans (Astle et al. 2016 ). Further analysis is needed to test the functional effect of the KITLG downstream variants.
In addition to UV radiation, temperature could serve as another potential selective force as demonstrated in our previous study of the p53 Arg72 polymorphism across eastern Asia (Shi et al. 2009 ). Besides pigmentation, KITLG is also involved in mitochondrial function and energy expenditure in brown adipose tissue under cold condition (Nishio et al. 2012; Huang et al. 2014) . We demonstrated that winter temperature showed a much stronger correlation than UV for rs4073022 ( fig. 4C and E) . This variant rs4073022 showed an opposite pattern compared with the other two upstream variants in the in vitro functional test at 37 C, which seemed to contradict the predicted selection on light skin. The data at low temperature (31 C) consolidated the pattern seen at 37 C and the derived allele at rs4073022 showed a significantly increased enhancer activity, an indication of a response to cold temperature. Hence, unlike the other upstream variants, rs4073022 likely represents an independent selection FIG. 5. Dual-luciferase enhancer reporter gene assay of three upstream KITLG variants at low temperature (31 C) culture condition. All assays were performed in at least three replicates, and an empty vector was used as control. The P values were calculated by t-test. The presumably adaptive (major) alleles are "A" for rs4073022, "T" for rs428316, and "C" for rs642742.
Darwinian Positive Selection on the Pleiotropic Effects of KITLG . doi:10.1093/molbev/msy136 MBE not on skin color, but on winter temperature. Phenotypically, the opposite direction of selection on enhancer activity of rs4073022 does not contradict the selection on skin lightening as the effect only becomes significant at low temperature. More functional data is needed to test the inferred selection pattern and the underlying molecular mechanism.
It should be noted that although we presented a case of the involvement of pigmentation gene in winter temperature adaptation, this does not provide direct genetic evidence to the "cold hypothesis" because the KITLG variants under selection work in different ways and we did not find a variant causing both skin lightening and cold adaptation. Rather, it is the pleotropic effect of KITLG, that is, pigmentation and thermogenesis links the two phenotypes. This may represent the first human case that two different functions of a gene were both picked up by natural selection in order to adapt to the different environmental stresses (UV and coldness).
Materials and Methods
Test of Selection and Evolutionary Analysis of KITLG
We first extracted data from the 1000 Genomes Selection Browser (http://hsb.upf.edu), a database containing the results of selection tests across the human genome. We employed multiple selection tests to detect signatures of selection on KITLG. The extended haplotype homozogysity (EHH) test was used to detect the genetic imprint of recent positive selection by analyzing long-range haplotypes (Sabeti et al. 2002) , each spot in the graph indicates the average value of a 3-kb window. The XP-CLR test detects selective sweeps, which was used to identify highly differentiated genomic regions as targets of selective sweeps (Chen et al. 2010) , each spot in the graph indicates the average value of a 2-kb window. We calculated the P values of the tests based on the genome Rank Score (http://hsb.upf.edu). In addition, we also downloaded the results of multiple selection tests (Fay and Wu's H test, Fu and Li's test, Tajima's D test, and XP-EHH test) .
We extracted population data over a 549-kb genomic region (chr12_ 88, 803, 520-89, 352, 520, hg19) , covering both the upstream and the downstream noncoding regions of KITLG from the 1000 Genomes Project (http://www. 1000genomes.org), and including East Asian ancestry (CHB, 97 samples), western European ancestry (CEU, 85 samples), and Yoruba in Ibadan (YRI, 88 samples). The homologous sequences of chimpanzee (panTro3), Neanderthal, and Denisovan were also included. A maximum-likelihood (ML) tree was constructed with RaxML and sequence variants with allele frequency (MAF) 0.05 across the haploblock region were included (Stamatakis 2014; Capellini et al. 2017) . The RAxML code is: raxmlHPC -PTHREADS -s region.fasta -n block1 -m GTRGAMMAI -o Chimp -p 999 -T 8. The Haploview software (Barrett et al. 2005 ) was used to analyze the linkage disequilibrium pattern of the KITLG variants in different populations. We used fastPHASE to reconstruct haplotypes (Scheet and Stephens 2006) , and the code is: fastPHASE.exe -T10 -ogene gene.inp. The median-joining algorithm was used in haplotype network analysis (Bandelt et al. 1999) .
The hidden Markov model (HMM) approach by Chen et al. (2015) was adopted to infer the selection onset time. The haplotype data of the 97 CHB and 85 CEU individuals from the 1000 Genomes Project were used in the analysis as input data, and the physical and genetic positions of the SNPs were assumed known. The HMM method explored the haplotype structure around the putatively selected SNP locus, and the extent of ancestral haplotypes carrying the selected SNP locus were recorded. A likelihood function was built to infer the selection intensity and duration (or the selection onset time) of the selective process based on the extents of ancestral haplotypes (please see the original paper for more details of the approach). Bootstrapping over haplotypes was performed to achieve the confidence intervals of the parameters. A generation time of 29 years was used to convert generations to years. The executable software and the command lines for estimating selection onset time can be found from the webpage (http://chenlab.big.ac.cn/software/software.html). We used a CR-400 tristimulus colorimeter (Konica Minolta, Tokyo, Japan) to measure skin color, and the CIE lab system for quantification. The colorimeter generates three numerical readings: L*, a* and b*. L* indicating the level of darkness, and the lower L* value is the darker the measured skin area would be. Both constitutive skin color from skin areas not exposed to sunlight (underarm and buttock) and facultative skin color that is exposed to sunlight (back of hand) were measured for comparisons. To minimize technical variations, each skin area was measured three times, and the average value was used for analysis.
DNA samples were prepared using the standard phenolchloroform method. Written informed consent was obtained from each individual prior to their inclusion in the study. 
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Genotyping was conducted by using an ABI 3730 sequencer (Applied Biosystems, Forster city, CA). Except for rs6538148 (three dropouts) and rs4590952 (four dropouts), there are no missing data in the genotyping of other variants. Genetic association of the tag SNPs with L* values (back of hand, underarm, and buttock) were conducted by utilizing PLINK v1.07 (Purcell et al. 2007 ) with age and sex as covariates. Permutation test was used for P value correction. The PLINK code is: -plink -file kitlg -pheno kitlgpheno -allpheno -linear -genotypic -covar kitlg.txt -reference-allele mylist.txt -perm -out kitlga.
Prediction of Potential Functional Effects of Candidate SNPs
We predicted functional effects of the candidate SNPs by searching the ENCODE database (http://genome.ucsc.edu/ encode). Potential enhancer-associated histone marks (H3K4me1) were collected from seven cell lines. The H3K4me1 histone mark is the mono-methylation of lysine 4 of the H3 histone protein, and as regulatory elements associated with enhancers (Consortium 2012) .
Functional Test Using Dual-Luciferase Reporter Assay
To construct KITLG enhancer reporters, we amplified fragments of 1.5 kb of KITLG by PCR from genomic DNA of two individuals homozygous with respect to the corresponding genotypes rs4073022 (GG and AA), rs428316 (AA and TT), and rs642742 (TT and CC), using primers tailed with Nhe I and Xho I restriction sites for rs4073022, Kpn I and Xho I restriction sites for rs428316 and rs642742 and directionally subcloned them into the pGL3-promter expression vector (Promega). We verified all recombinant clones by sequencing. A375 (human malignant melanoma) and HEK293 cells were cultured in high-glucose Dulbecco's modified Eagle's mediun (DMEM) (Corning) with 10% fetal bovine serum (FBS) (Gibco). For luciferase reporter assays, A375 and HEK293 cells were transfected with the indicated plasmids by using the lipofectamine 2000 transfection reagent (Invitrogen) and incubated overnight at 37 C or 31 C (based on the published protocol; Kim et al. 2003) in 5% CO 2 condition. According to the manufacture's instruction, luciferase activity was measured at 36 h after transfection by using the Dual-Luciferase Reporter Assay System (Promega). All assays were performed in at least three replicates.
Environmental Data Collection and Comparison
The geographic locations of the sampling points (latitude and longitude) were obtained from Google Earth (http://earth. google.com). The environmental data (insolation levels and temperature) were obtained from the NASA Langley Research Center Atmospheric Science Data Center Surface meteorological (https://eosweb.larc.nasa.gov) and Solar Energy (SSE) web portal supported by the NASA LaRC POWER Project. The insolation on horizontal surface data covered 22 years (Jul 1983 -Jun 2005 , and the average annual total of UV radiation (KWh/m 2 /year) for each geographic site was calculated via the global insolation on horizontal surface (Zhu et al. 2005 ). The monthly average temperature ( C) (air temperature at 10 m) data covering 22 years (Jan 1983 -Dec 2004 was used in the regression analysis. The average temperatures in July and January were taken as the highest and lowest seasonal temperatures, respectively. The GraphPad Prism 5 software (https://www.graphpad.com/) was used in analyzing the correlation between environmental factors and candidate SNPs. In addition to the populations collected in this study, we also collected genetic and geographic data of 14 world populations (supplementary table S1 , Supplementary Material online) from the 1000 Genomes Project (http:// www.1000genomes.org). These samples had information of clear geographic regions or states, and we either selected the collection points or the capitals of the country as the environmental data location. For mediation analysis (Preacher and Hayes 2004) , the SPSS 20.0 software was used. Either UV intensity or winter temperature is taken as independent variable (X), and SNP frequency is taken as dependent variable (Y). When UV intensity is taken as "X," winter temperature is then taken as mediator variable (M) so that its effect on the correlation between UV intensity and SNP frequency can be quantitatively evaluated, that is, the percentage explained by the mediator effect out of the total effect. Similarly, when winter temperature is "X," then UV intensity becomes "M."
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
